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Abstract

The MBE growth of Hgl_,CdxTe alloys and type III HgTe/Hgl-,Cd•Te heterostructures has been discussed, including
similarities and differences between the (0 0 1) and (I I 2)B orientations. Furthermore the MBE growth of HgTe based quantum
wells (QWs) with the incorporation of Mn are additional topics. An investigation of the optical properties of type III superlattices
with a normal band structure has lead to information about band structure of these heterostructures as well as information about
the interface and the semimetallic QW. For example, by means of the full 8 X 8 Kane Hamiltonian in the envelope function
approximation, it has been demonstrated that the energy separation between the Hi-El and Li-El intersubband transition
energies is primarily determined by the valence band offset, A, between HgTe and CdTe. This has led to unambiguous values for
the offset and its temperature dependence, i.e. A(T) 570 + 60 meV and dA/dT= -0.40 + 0.04T meV/K. Furthermore the energy
gap of HgTe at room temperature has also been determined. Magneto-transport measurements of n-type QWs show very
pronounced Shubnikov-de Haas (SdH) oscillations and well developed quantum Hall plateaus for temperatures up to approximately
60 K. A large Rashba spin-orbit splitting of the first conduction subband, Hi, has been observed in HgTe/Hgl_,CdxTe QWs
with an inverted band structure. Self-consistent Hartree calculations of the band structure based on the above model allows us to
quantitatively describe the experimental results and demonstrates that the heavy hole nature of the HI subband greatly influences
the spatial distribution of electrons in the QW and thus enhances the Rashba spin splitting, i.e. AEH1 = k'. Furthermore, the
presence of two periodic SdH oscillations in p-type QWs with an inverted band structure has been observed and is the first direct
evidence that these heterostructures are indirect semiconductors. The influence of Mn in the upper barrier on the 2D electrons in
the well has been investigated as a function of their separation. With spacer thicknesses of 10 and 15 nm, no appreciable change
is observed, however, a reduction of the spacer thickness to 5 nm results in an increase in the maximum population difference
between the two Rashba spin split H1 subbands by a factor of approximately two. © 2002 Elsevier Science B.V All rights
reserved.

Keywords: Molecular beam epitaxy growth; HgTe; Hgl _Cd•Te; Superlattices; Quantum wells; Valence band offset; Band structure; Rashba

spin splitting; Indirect band gap

1. Introduction type doping, modulation doping of both n and p type
quantum wells (QWs), etc.

The Hg,-,CdxTe alloy has been one of the most The band structure and hence the optical and electrical
commercially exploited alloys in recent decades. Both properties of type III heterostructures are largely deter-

bulk samples and epitaxial layers over the entire com- mined by that of the QW For example the band gap of

position range can be produced. Due to applications HgTe and its temperature dependence directly influences

requiring increasingly complex heterostructures [1], the temperature dependence of the superlattice (SL)

molecular beam epitaxy (MBE) is now one of the more subbands and thus the temperature dependence of the

important growth techniques. The MBE growth and the intersubband transition energies [2]. The magnitude of

dependence of the composition and surface structure on the negative band gap of HgTe at room temperature is

crystal orientation will be discussed. The topics include subject to large experimental uncertainties due to diffi-

surface structure, incorporation of Hg and Cd, n and p culties in the conventional magneto-optical method at
temperatures above 100 K [3]. Another such property is

*Corresponding author. the deformation potential of HgTe relative to that of

E-mail address: becker@physik.uni-wuerzburg.de (C.R. Becker). CdTe which has only recently been experimentally
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determined by means of an optical absorption investi- and 15 nm. Then a Hgo.3Cdo.7Te cap was grown, thereby
gation of HgTe/Hg0 32Cd0 .6 9Te SLs under hydrostatic maintaining the same total thickness of all layers above
pressure [4]. Furthermore, it has been shown that the the HgTe layer, i.e. 34 nm.
valence band offset is to a good approximation primarily The composition of the barrier material [11] has been
responsible for the energy difference between the first determined by means of transmission measurements on
heavy hole, Hl, and the first light hole, Li, subband of thick test layers of Hgj _,Cd.,Te grown under identical
a HgTe/Hg -_,Cd4,Te SL with normal band structure [2]. conditions. SL periods and HgTe(0 0 1) layer widths
This energy difference is nearly independent of other have been determined via a dynamic simulation of the
SL parameters, and consequently leads to a precise (0 0 2) and (0 0 4) Bragg reflections measured in a six
determination of the valence band offset, A, between crystal X-ray diffractometer [2]. A simulation of
HgTe and CdTe. (11 2)B oriented heterostructures is more complicated

The band structure and consequently the optical prop- and the results less accurate [12,13].
erties depend on the band structure of the QWs and After growth of the QWs, standard Hall bars were
barriers, i.e. HgTe and Hg1 -,Cd.,Te, their widths, and fabricated by means of a wet chemical etch, then a 200
the potential energy differences between these two nm thick A120 3 film, which serves as an insulating
components. The latter depends in turn on their com- layer, was deposited by electron beam evaporation.
position, the valence band offset as well as the shape Finally Al was evaporated to form a gate electrode.
and width of the Cd concentration profile across the Optical transmission measurements were carried out
interfaces. A profile described by an error function in the middle and near infrared with a Fourier transform
similar to an experimental profile according to Kim et spectrometer, Bruker IFS88. A LiTaO 3 detector was
al. [5] is assumed and leads to a consistent description usually employed rather than a liquid nitrogen cooled
of the experimental results. Finally, the width of this detector e.g. Hg, _,Cd_,Te, because of its better linearity.
interface, d, has been shown to be a convenient variable The aperture was kept as small as possible for the same
for the study of interdiffusion in these SLs [6]. reason, i.e. a diameter of 2-3 umn. The absorption

If the HgTe layer is less than 6 nm thick then the coefficient, aL, was determined by fitting the experimen-
heterostructure is a normal semiconductor, however, if tal transmission spectra to a theoretical description of
the thickness is greater than 6 nm then the band structure the multi-layer system using standard matrix procedures
is inverted, i.e. the F 6 and F8 bands exchange places [14].
and the energy gap is negative. Magneto-transport exper-
iments have been conducted on both n and p type 3. Theoretical details
modulation doped HgTe/Hg1 -_.CdTe QWs with an
inverted band structure. An analysis of Shubnikov-de A large number of k-p band structure calculations
Haas (SdH) oscillations in gate controlled n type QWs using the envelope function approximation for the
reveals a large Rashba spin-orbit splitting [7,8]. This is HgTe/Hg1 _.,Cd,.Te SL have been published during the
due to the heavy hole character of the first conduction last decade [15-18]. A brief review of these and other
subband. In a p-type QW two periodic SdH oscillations investigations pertinent to the results presented here can
are observed which are caused by the indirect band be found in Ref. [2].
structure [91. The bands of both bulk HgTe and CdTe are described

by Kane's four-band model (8X8 k-p) including sec-
2. Experimental details ond-order remote band contributions. The envelope

function method has been used to calculate the band
The epitaxial alloys and heterostructures were grown structure of the HgTe/CdTe SL. The results of the axial

in a Riber 2300 MBE system as has been described approximation are not exact, however, they give a good
elsewhere [2,10]. After the growth of a thin CdTe buffer approximation, within 1 or 2 meV, for the subband
layer, the alloys and heterostructures were grown on energies at k11=0 as well as for an average of the
(0 0 1) and (1 1 2)B oriented Cd0 .96Zno.o4Te substrates subband dispersion over all k11 directions. Consequently
at 180 *C. The (0 0 1) QWs were modulation doped all absorption coefficient calculations and most intersub-
symmetrically, on both sides of the QW, and asymmet- band transition energy calculations were carried out
rically, on one side only, with either iodine or arsenic using an adapted Hamiltonian in the axial approxima-
for n and p type structures, respectively. The tion, in order to reduce the calculation time.
Hgo. 3Cdoj Te barriers are comprised of a 50 A thick The effects of strain due to lattice mismatch were
spacer and a 90 A thick doped layer. also taken into consideration. The lattice mismatch

Asymmetric HgTe/Hg0. 3C(d 7Te(0 0 1) modulation between HgTe and its environment is less than 0.1%
doped n type QWs, were grown with Mn in the upper which results in a shift in intersubband transition ener-
barrier. Mn is separated from the HgTe layer by means gies of less than 3 meV and can therefore be neglected.
of a Hg. 3Cd0 7Te spacer, which was varied between 5 In contrast to the [0 0 1] direction [17], the strain tensor
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for the [11 2] direction has a shear strain component. Hence these samples have slightly higher void densities
This results in a piezoelectric field in the growth than the minimum values.
direction [19]. We have calculated the strain for a free The optimum Hg/Te flux ratio for the (1 1 2)B
standing, strained (1 1 2)B SL and a fully strained orientation is about half of the optimum value for
(11 2)B SL on a Cd0 .96Zn0 .0 4Te substrate. From these Hgo.8oCdo.2oTe(0 0 1) according to He et al. [23]. The
results the piezoelectric field has been calculated to be latter value was chosen with regard to mobility and
less than 5 mV/100 A whose influence on intersubband density of hillocks. Obviously the incorporation of Hg
transition energies is less than 1 meV and can therefore is more efficient in the (11 2)B alloys. This is also the
be neglected in the calculations. case for Cd; the Cd/Te flux ratio necessary to grow an

A revised set of values for the band parameters (A= (11 2)B alloy with x= 0.20 + 0.01 at 180 TC is approx-
1.0 eV, -y,= 4 .1 , -Y2=0.5 , "Y3 = 1.3, F=O and Ep=18.8 imately 20-30% smaller than the ratio needed for the
eV) deduced from measurements on bulk HgTe and same composition in the (0 0 1) orientation [10]; and a
Hg1 _xCdTe by Weiler [20] were employed which nev- (11 2)B alloy grown with only the CdTe and Hg sources
ertheless reproduce the same bulk band structure: results in x=0.95_+0.02, but a (0 0 1) alloy grown

under the same conditions has a composition given by

M* (1 2)=y- 2 Y2- 3Y3 -^21 x1=0.68-+-0.02 [2].
mhh( 2 "1- 2-(- )m The n and p type doping of Hg, -Cd.Te has been

= 0.53m0  (1) investigated using iodine in the form of CdI2, and either
and arsenic as Cd 3As2 or plasma activated nitrogen, respec-

tively. n Type doping has been successful for the (0 0 1)
mhh(0 0 1)=(y 1 --2"Y2)-1m 0 =0.32 at 5 K. (2) and (11 2)B orientations [10,22] over the entire com-

position range with the exception of large Cd concentra-
tions in the (11 2)B orientation. Producing p type alloys

The energy gaps of HgTe and Hg aCdTe were taken is more difficult and to our knowledge in situ dopingfrom the empirical Eg(x, T) relationship according to has never been consistently successful. There is one

Laurenti et al. [11] with the exception of HgTe at exep de cansbeptype dop e it pam
temeraure grate thn K s dscusedbelw. he exception; CdTe can be p type doped with plasma

temperatures greater than 5 K as discussed below. The activated nitrogen up to concentrations of approximately
valence band offset between HgTe and Hgl Cd.Te is 1018 cm- 3, however, at high charge carrier concentra-
employed as an adjustable variable and is assumed to tions the crystalline quality is adversely effected. Nor-
vary linearly with x for Hg1 _Cd.Te, i.e. xA [21]. An mally p type doping of the alloy with As requires an ex
interface width, dt, which results during growth or from situ anneal in Hg vapor at high temperatures. Neverthe-
interdiffusion of the two types of layers was integrated less p type conductivity has been achieved in HgTe
into the theory. The concentration profile across the QWs by means of in situ doping and activation of
interface is described by an error function similar to an Cd3As2 in a CdTe layer [24].
experimental profile according to Kim et al. [5]. A low resolution atomic force microscope (AFM)

Self-consistent Hartree calculations of modulation image of an Hg0 .80Cd 0.20Te(1 1 2)B epitaxial layer is
doped HgTe/HglxCdxTe QWs have been carried out shown in Fig. 1. Long parallel ridges and trenches are
using Kane's four-band model (8 X 8 k.p) described observed whose height difference is approximately 30
above in order to quantitatively describe the observed A. These ridges and trenches are parallel to the edges
Rashba spin-orbit splitting, see Ref. [8] for details. of the sample, i.e. the { 11 01 surface. The (1 1 2)B

surface can be thought of as an (1 1 1)B surface with a
4. Results and discussion high ledge density [25]. If the height of the individual

steps is the distance between nearest neighbors, i.e.
4.1. Growth and characterization of Hg1 -Cd•Te between cation and anion, then the distance between

steps is 11.2 A. Experimentally, a pattern in the reflec-
The growth of undoped Hg0 .8oCd0.2oTe(1 1 2)B has tion of high energy electron diffraction is observed

been investigated with regard to the mobility p, and the whose period in real space is 11.1 + 0.3 A, which is in
surface structure [22]. The mobility has a maximum very good agreement with the above step width. These
value of approximately 3 X 10' cm 2 V- s-1 for a Hg/ microscopic edges are parallel to the [11 0] direction
Te flux ratio of between 150 and 180. In contrast the and consequently parallel to the ridges and trenches
void density has a maximum value of 6X 10' cm- 2 at shown in Fig. 1. Apparently preferential growth along
low ratios and falls rapidly to a nearly constant value these ledges result in these trenches and ridges.
of 2X 103 cm- 2 for ratios >200. At a ratio of 180 the The Hg0.8oCd 0.20Te(0 0 1) surface [22], is radically
void density is approximately 4 X 10 cm- 2. In order to different. Nearly elliptically shaped mounds with a
obtain maximum mobilities, a Hg/Te flux ratio of 180 height of approximately 300 A are observed which are
was employed for the n-type layers in this investigation, similar to the mounds observed on the HgTe(0 0 1)
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Fig. 1. A low resolution AFM image of a Hg,.•0Cd0.,jTe(l I 2)B epitaxial layer.

surface by Oehling et al. [26] with a scanning tunnel theory. The weak shoulder near 240 meV is due to the
microscope. The latter mounds consist of a series of H2-EI transition which is allowed only for k>O. For
terraces whose height is that of one monolayer, i.e. these reasons and others which will become apparent
3.2+0.3 A, and width is approximately 500 A. A high below, we shall concentrate on the HI-El and LI-El
resolution AFM image of an Hgu.flCdo.20Te(l I 2)B transitions.
surface demonstrates that these long ridges also consist
of terraces whose height difference is one monolayer
and average width is approximately 180 A [22]. 14 , . ,

Q913: T 5 K
4.2. Optical absorption; intersubband transitions in SLv (I12)B HgTc/Hg•,0.Cd 0 .- Te

12 d,.Id, (41.5 A/89.5 A) H2 -P"2S12 • experimen01tThe experimental and theoretical absorption spectra 12 -Atheory

for a (I I 2)B HgTe/Hgo.15 Cdo,( 5Te SL at 5 K are
shown in Fig. 2. Three distinctive steps are observed c 10
which we have assigned to the HI-El, L1-EI and H2-
E2 intersubband transitions. H, L and E are the heavy 4 8
hole, light hole and electron subbands, respectively. In
contrast, Yang et al. [27] attributed the first two steps "l -El
at lower energies in a similar SL to the HI-El and ) 6
H2-E2 transitions, and the weak shoulder near 240 U H1 - El

meV to LI-El. A correct assignment requires agreement 4• .0 4•
between the calculated transition probabilities and the
observed absorption coefficient spectrum as well as o
between the calculated and experimental frequencies. .n 2
That this is the case here, is demonstrated in Fig. 2. The "!
relative heights of the three steps are in good agreement
with experiment, even though their absolute magnitudes
are underestimated due to the neglect of Coulomb 100 200 300 400 500 600 700
interaction between electron and hole [28]. The energies Energy (meV)
of the HI-El and Ll-EI transitions are in good
agreement whereas agreement is only fair at higher Fig. 2. The experimental and theoretical absorption coefficients of the

energies, e.g. for H2-E2, as expected for a perturbation (I I 2)B HgTe/Hg,, Cd(,,)Te SL Q943 at 5 K.
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10 50 cations and uncertainties in calculating the absorption
a, spectrum of the SL in a multi-layer structure [14]. The

Q1172;T = 5K da/dE absorption edges according to both of these methods
(12)BHgTe/HgosCdo 5Te ..... d/coincide with the Hi-El and Li-El intersubband

8 - d/db (43.0 A/66.0 A) 40 transition energies to within + 2 meV for all investigated

SLs with one exception in which a systematic discre-

6 -Hi E 30 pency of 4 meV for Li-El is observed [2].
SS Good agreement between experimental and theoretical

-! values of the absorption edges, i.e. dcx/dE, is demon-
•0 strated for a (1 1 2)B orientated SL in Fig. 3. The full

4 -20 width at half maximum, FWHM, of dui/dE for the Hi-
o . El and Li-El intersubband transitions is approximately

SL1 El• 13 and 16 meV, respectively, and thus sufficiently
4 2 -. 10 ' narrow to allow a determination of these energies with
0 ;a precision of +2 meV or better. The absorption edges

.z / •\ ,- .for Q943 shown in Fig. 2 are even sharper with
0 -------- ---- 0 corresponding FWHMs of 8.5 and 12 meV.

The Hi-El and Li-El intersubband transition ener-
, I ,I , I gies at 5 K for all of the investigated (1 1 2)B SLs are

50 100 150 200 250 300 plotted vs. QW width, dw, in Fig. 4. Also shown is the
Energy E (meV) energy difference between these two intersubband tran-

sitions, i.e. EHL-ELi=ELIE1--EHIE1. The strong
Fig. 3. The experimental (thick line) and theoretical (thin line) inverse dependence of both transitions on dw is obvious,
absorption coefficients, their first derivatives (thick and thin dashed whereas EH,-ELl is nearly independent of dw. The latter
lines, respectively) for the (11 2)B HgTe/Hgo.0 5 Cdo0 95 Te SL Q1172
at 5 K. The intersubband transition energies are indicated by vertical energy difference depends nearly linearly on the valence
lines and their dispersion for qljz, the miniband width, by the width band offset, A. Hence a determination of A is possible
of these vertical lines which is not influenced by uncertainties in dw. The three

sets of lines in Fig. 4 are theoretical results for a series
A determination of the experimental intersubband

transition energies is not trivial, due largely to a lack of
knowledge about the position of a particular band gap 700 (112)B HgTe/Hgo.05Cdo.95Te SLs

relative to the frequency of photoluminescence peaks T=5K A

[27,29,30], or that of the absorption edges [31]. The 600 meV

method employed by Becker et al. [2] is to determine 048S........ 520

the position of the absorption edge and then its position - 560
relative to the intersubband transition energy itself. This 500 600

can be accomplished by calculating the transition ener- .. '•,--- 640

gies as well as the corresponding absorption coefficient. > 0 ELI- El

Finally, by fitting the theoretical and experimental 400 0 EM -St1 EH1 -ELI

absorption coefficients, one can determine the experi-
mental intersubband transition energies relative to their • 300

absorption edges.
The absorption edges have been determined by two

different methods. In the first method, the absorption 200

edge is defined as the energy at the maximum value of
the first derivative of the absorption coefficient. In the 100

second method the absorption edge is determined from
the temperature dependence of the transmission accord-
ing to 0 . . .. . .

15 20 25 30 35 40 45 50 55 60

AT = T 2 - I =dhot (3) d. (A)
T T,

where T and d are the transmission and sample thickness, Fig. 4. The experimental values for EHI-El (filled circles), ELI-EI

(empty circles) and the energy difference, EH,-ELI (empty squares),respectively. Hence a good approximation of Asp can be for all (1 1 2)B SLs together with theoretical results at 5 K (lines)

obtained merely from a ratio of transmission spectra at are plotted vs. dw. Calculated results using dr = 24 A for possible val-

slightly different temperatures [2] without the compli- ues of A are shown. d, is the interface width.
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0.4 uncertainties, the authors concluded that this is also the
(I12)B1HgTe/Hg, ,,,Cd(,IoSTeSuplorlattices case for A.

The temperature dependence has been determinedd" mTV/K ,Ev K ,,,, using a procedure which relies only on experimentally
-. -- 0.00 -140 0.53 determined energies and not on d,,. or other SL para-

0 -3 -- - - -0.40 -1-0 070 meters. This is illustrated in Fig. 5 where the temperature

SEl,_.r coefficients for EHI-j, ELI-E, and EHI-EL, are plotted
"0l l-.,, vS. EH-,F1 (5 K) for the (11 2)B SLs. The dashed lines

.2 are results of the theory when A is assumed to be

E0.2 temperature independent and the energy gap of HgTe at

0U room temperature, Eg(O, 300 K), is taken to be -140
meV [32]. Even though the temperature dependence of
the HI-El transition can be reproduced, this is clearly

e •not the case for either LI-El or the energy separation
between these two transitions, EHI-ELI. Consequently
the results of previous investigations, which are based

H merely on the HI-El transition can be misleading. For

0' example the conclusion of von Truchsess et al. [33] that
0.0 .. ... .. ...... A is temperature independent, is obviously incorrect.

100 200 300 400 500 600 It has been demonstrated that the temperature depend-
EHEI( 5 K) (mcV) ence of the LI-EI intersubband transition is determined

by the temperature dependence of both the HgTe band
Fig. 5. Linear temperature coefficients for Ell,_,, (filled circles), gap and A. A least square fit to the experimental values
E,-I-,, (empty circles) as well as Ell,-E,,, (empty squares) are plotted of LI-El, shown as a solid line in Fig. 5, results in
vs. Ej,,,. , at 5 K for all (I I 2)B SLs. Calculated results for dA/dT= Eg(O, 300 K)=-160+2 meV and dA/dT=-
0.00 meV/K and Ev(HgTe, 300 K)= -140 meV are reproduced as 0.40±0.04 meV/K [2], which are listed in Table 1.
dashed lines, and the results when dA/dT= -0.40 meV/K, Eg(HgTe, 0 dife appreciably fo
300 K)= -160 meV and in addition inl*,j is temperature dependent, This value for E,(0, 300 K) differs appreciably from
i.e. mrn=0.79m,, at 300 K, as solid lines, literature values of -140 and -120 meV [11,32],

which clearly lie outside of the experimental uncertain-

of A values. By means of an error analysis involving ties in this investigation. However, these two values are
all relevant bulk and SL parameters together with their not experimental values: they have been determined by
uncertainties, the valence band offset between HgTe and extrapolating experimental results for T< 100 K up to
CdTe has been determined to be A = 570 + 60 meV for room temperature.
both the (0 0 1) and (11 2)B orientations [2]. A detailed On the basis of X-ray photoemission spectroscopy,
comparison of this value and literature values can be and ultra violet spectroscopy (UPS) Sporken et al. [34]
found in Ref. [2]. concluded that the valence band offset between CdTe

Experimental values of EHI-ELI display a significant and HgTe was independent of temperature between 50
temperature dependence [2]. Therefore according to the K and room temperature with an uncertainty of ±0.25
conclusions presented above, A is also temperature meV/K. However the valence band offset was not
dependent. Linear temperature coefficients have been determined at k = 0: their UPS samples were sputtered
calculated for the three pertinent energies using the SL and they employed the He I and He II emission lines
parameters determined below. The calculated results are whose energies correspond to a position in the Brillouin
obviously in excellent agreement with the experimental zone far removed from k=0 [35].
values according to Ref. [2]. Because the temperature The results for EH.-E, and EHI-ELI using dA/dT=
dependence of EHI-ELI is linear within experimental -0.40 meV/K and Eg(O, 300) - 160 meV are in good

Table I
Experimentally determined values together with their uncertainties for E,(0, 300 K), A,, A(300 K), dA/dT and m 1,j(300 K), for the (0 1 2)B
and (0 0 1) orientations

E,(0, 300 K) A0, A(300 K) dA/dT m,n,(5 K)4 mnhh(300 K)
meV meV meV meV/K ino ino

(1 12)B -160±2 572±60 452±60 -0.40±0.04 0.53 0.79±0.04
(00 1) -157±4 566±60 458±60 -0.41±0.10 0.32 0.40±0.11

The valence band offset is given by A(T)= A,,+ (dA/dT)T.
SAfter Ref. [20].
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S E2 H~ HIT ^r .0.2 V, when the QW potential is nearly symmetric only
1,o.6V two frequencies, which correspond to the HI and E2

1..4V\, subbands, are resolved and no splitting of the H1
1.2 V subband can be observed. For either more positive or
,_.__•o9v more negative gate voltages, a large splitting of the HI

0, V, 8subband is apparent. Besides the main peaks labelled by
E2, H1 + and HI-, peaks due to the sums of the E2
and HI peaks can be observed. The largest Hall mobility

0.2 V 0awas 6x 10' cm2 V-I s-1 at a gate voltage of 2.0 V; to
SA/ Vg--0 V our knowledge this is the highest value that has been

02 Vobserved for HgTe QWs.
. -4 V According to self-consistent band structure calcula-

- --0.6. Vtions the first two conduction subbands are HI and E2,
" 8 -ov- and the valence band is the H2 subband. This is a

-1.0 vconsequence of the inverted band structure of QWs with
a large well width. No splitting of the H1 and E2

1.4 V- subbands for the symmetric case was predicted and none
was observed [8]. However, in the asymmetric case, a

\-.-1.8v • 1605small spin splitting of the E2 subband at finite k1l is
• / ý -2. V HgTe QW with gate predicted as well as a substantially larger splitting of

-..2.2 V dý,= 210o Athe HI subband. It should be mentioned here that the
5 10 15 20 25 30 two spin split branches of the HI subband cannot be

Frequency (T) designated as spin-up and spin-down because their
eigenstates are not linearly polarized and do not carry a

Fig. 6. FFT of SdH oscillations in px(B) for a n type symmetrically net magnetic moment [37]. The H1 and E2 subbands
modulation doped HgTe QW (Q1605) measured at 1.6 K and various which are a mixture of states with different symmetries
gate voltages. The up and down arrows represent the two spin states contain an equal contribution of up and down spinor
of the Hl subband, components at finite k1l. The degeneracy of the H2

valence subband is also removed and one spin compo-
agreement with experiment at lower values of EHr-E1 (5 nent has a larger maximum at finite k1j, i.e. here we are
K) as previously reported [36], however, at higher dealing with an indirect semiconductor.
energies this is not the case [2]. Better agreement with The experimental values and the theoretical calcula-
experiment over the entire energy range can only be tions of the difference in population, AnHi, between the
achieved by assuming that the heavy hole effective mass two spin states of the H1 subband have been compared.
is also temperature dependent. A least square fit to the The total carrier density, nsH, has been employed in the
experimental values of EHtEt, which is shown as a calculations rather than the carrier density in only the
solid line in Fig. 5 results in mh*h(1 1 2)-=0.79 0.04mo HI subband, n,,, because the electric field <E> is, to a
at 300 K [2], see Table 1. good approximation, proportional to nSdH.

The experimental temperature dependence of ELl-Et The calculated carrier densities in both the HI and
and EHt_1, as well as that of EHt-EL1 cannot be E2 subbands at various gate voltages agree with the
explained unless A and m*h are temperature dependent. experimental values for a well width, d, of 21 +2 nm.
Within experimental error the results for the (0 0 1) and A simulation of the X-ray diffraction results in 22+2
the (1 1 2)B orientations are equivalent [2] as can be nm, in agreement with the above value. It should be
seen in Table 1, with the exception of the heavy hole emphasized that the occupation of the E2 subband
effective mass as expected according to Eq. (1) and Eq. depends mainly on the well width and not on the details
(2). of the self-consistently calculated Hartree potential. Fur-

thermore the well width and hence the calculated carrier
4.3. Magneto-transport; n type modulation doped QWs densities for two additional QWs, an asymmetric and a

symmetric QW, have been corroborated by simulations
As expected from their high electron mobility, all n of the corresponding X-ray diffraction results.

type, modulation doped QWs show very pronounced Finally Rashba spin-orbit splitting has also been
SdH oscillations and well developed quantum Hall observed and described quantitatively for a number of
plateaus [8]. The results of a Fourier transformation of QWs in which only one conduction subband is occupied.
the complex SdH oscillations for the symmetrically No abnormal temperature and B dependence has been
modulation doped sample Q1605 with a well width of observed [38], ruling out magneto-intersubband scatter-
21 nm are shown in Fig. 6. At a gate voltage, Vg, of ing [39].
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I I .5 X . ,10l cm-2 the peak corresponding to pi disappears,
AE Hi kla/..f in good agreement with theoretical calculations dis-

15 1 cussed below.

, I At hole concentrations of less than approximately
-2.0 V 5 X 10'' cm 2 a contour plot of the intersection of the

Et' 0 / Fermi energy with that of the first valence subband, H2,
S/k, results in four equivalent unconnected areas. For P2>

," I 5X o1 cm0 2 the Fermi contour resembles a single
< 5 distorted ring [40]. The experimental results are in good

AErxk.1
agreement with the theoretical prediction of four equiv-

E2 alent valleys.
0.0 0.0 01 .15 j ,).2

0.0 0.05 0.1 0.15 0.2 0.25 4.5. Magneto-transport; n type modulation doped QWs
ii (nm' )with Mn

Fig. 7. The calculated spin splitting energy of the HI and E2 subbands QWs with Mn in the upper barrier with different
(solid curves), AE,, and AEI;,, versus in-plane wave vector kj for
sample Q1605. The position of the Fermi wave vector k,. is denoted spacer thickness between the HgTe and
by the dotted-dashed line. The two dashed lines demonstrate the pro- HgO. 3Cdo 68Mno.o2Te layers have different transport prop-
portionality to k0 and k•, respectively, at small k, values. erties; when the spacer is reduced from 15 to 10 nm

both the carrier concentration and mobility remain the
Winkler [37] has demonstrated that spin splitting for same within experimental uncertainties or decrease

the heavy hole like state IF8, ± 3/2) should be propor- slightly, however, a further reduction to 5 nm causes a
tional to kI for small k1l values. The spin split heavy significant reduction in these values.
hole subband dispersion can be expressed as As expected from their high mobilities, well devel-

oped SdH oscillations have been observed. Fourier
-- 2h ±3k• (4) analysis of these spectra reveal two spin split compo-

2mz nents of the HI subband as well as the sum frequencies.

where P3 is the spin-orbit coupling constant between The population difference between the two spin split
the F8 and F6 bands. In contrast, spin splitting for the components decreases with more positive gate voltages.
electron like state Tr 6 , ± 1/2> and the light hole like This is caused by a reduction in the structure inversion
state :r8, ± 1/2), should be a linear function of k,. This asymmetry due to a larger electron concentration and
is in good agreement with the self-consistently calculat- hence a higher Fermi energy. The relative population
ed AEH, and AEE2 vs. k1l behavior shown in Fig. 7; the difference AnHI/n.,yn, where n,.m= n, when AnH I =0,
HI conduction subband in a type III HgTe QW with an is plotted in Fig. 9 vs. the normalized charge carrier
inverted band structure is principally a heavy hole state, concentration, (n.,yi-nH/n),yl), in order to facilitate a
and the E2 subband is an admixture of the light hole suitable comparison of the QWs with spacer thicknesses
and electron state, of 5, 10 and 15 nm.

4.4. Magneto-transport; p type modulation doped QWs 2.0 . . . =2o. . p=. 8.0"cn• 2.6
p= 1.0, 10'cm2/(Vs) "I/

Experimental results shown in Fig. 8 for a p type -
asymmetrically modulation doped QW, Q1441, with an 1.5

inverted band structures display pronounced and com- 0.4

plex SdH oscillations, which begin below 0.3T, and well
developed quantum Hall plateaus. This QW also has a .0 0 3

large mobility, i.e. p.= 1.0 X 105 cm2 V-' s'. If dp.,,/ B M

dB is plotted vs. 1/B, two periods can easily be 5 4 0.2

distinguished, which are due to the indirect band gap. 6.5 - 7 6

A Fast Fourier transformation (FFT) of the SdH oscil-
lations for various hole concentrations in this gated p
type QW results in two frequencies corresponding to 0.0 0.0
the concentrations p, and P2. The total hole concentra- B 1 2 (T) 4 7

tion, P2, is in good agreement with the Hall concentration
at low magnetic fields. P2/PI = 4, within experimental Fig. 8. p_, and p,_ vs. B for a p type asymmetrically modulation doped

uncertainties, for p2 <5X 10' cm- 2 [9]. P2 can be QW with an inverted band structure at 380 mK. dpjdB is plotted

increased up to 1.1 X 1012 cm- 2, however, above vs. B in the inset.
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Magneto-transport studies have been performed on
d Q .,69 (cm)-x • both n and p type modulation doped HgTe single QWs0.08 * Q1669 5 nm 1.4x10 sigl

0 Q1695 10nnm 2.2 x 1012 with inverted band structure. Rashba spin splitting in n0• Q1660 15 nm 2.2 X 1012 type QWs with an inverted band structure has been

"0.06 Theory; n= 0.5 n, investigated at different electron concentrations via a
- =22 X10

1 2
cm-

2  gate voltage. A large Rashba spin splitting has been
S=1.4 x10 cm observed, which is due to the heavy hole nature of the

0.04 - first conduction subband, Hi. SdH oscillations of p type
Ebb QWs display two periods, which have been shown to

be due to their indirect band gap and the resulting

0.02 multiple valleys, and not due to Rashba spin-orbit
splitting. Both n and p modulation doped HgTe QWs,
have high mobilities of up to 6X10' and 1.0X 105

0.4 0.2 0.0 cm 2 V- s ,respectively.

(nsym - nmH)/ns. The results of magneto-transport experiments on HgTe
QWs with Mn in the upper barrier are in good agreement

Fig. 9. The relative difference in population of the HI - and HI + with self-consistent Hartree calculations when the Mn

subbands as a function of normalized charge carrier concentration for is separated from the 2D electrons by spacers of 10 and
QWs with spacer thicknesses of 5, 10 and 15 nm. 15 nm. However, the observed population difference of

the two spin split states for a QW with a 5 rm spacer
As can be seen in Fig. 9, theoretical calculations are is larger than theoretical predictions by at least a factor

in good agreement with experiment for the two QWs of two. We conclude that Mn increases the asymmetry
with thicker spacers. In contrast self-consistent Hartree of the QW.
calculations for the case of a 5 nm spacer, which do not
take Mn into account, under estimate the experimental Acknowledgments
population difference by a factor of approximately 2.
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